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ABSTRACT
We estimate the capture rate of interstellar objects by means of three-body gravitational interac-
tions. We apply this model to the Sun-Jupiter system and the Alpha Centauri A&B binary system,
and find that the radius of the largest captured object is a few tens of km and Earth-sized respectively.
We explore the implications of our model for the transfer of life by means of rocky material. The
interstellar comets captured by the “fishing net” of the Solar system can be potentially distinguished by
their differing orbital trajectories and ratios of oxygen isotopes through high-resolution spectroscopy
of water vapor in their tails.
1. INTRODUCTION
A few months ago, the first ever interstellar ob-
ject, namely the comet ‘Oumuamua, was detected
by the Pan-STARRS telescope (Meech et al. 2017;
Micheli et al. 2018). The detection of ‘Oumuamua has
led to several follow-up studies that aim to understand
its origin, structure and travel time (Mamajek 2017;
Gaidos et al. 2017; Ye et al. 2017; Jewitt et al. 2017;
Bannister et al. 2017; Bolin et al. 2018; Fitzsimmons et al.
2018). There have also been several studies devoted to
understanding the implications for planet formation and
architecture (Trilling et al. 2017; Laughlin & Batygin
2017; Raymond et al. 2018; Jackson et al. 2018; Hansen & Zuckerman
2017; C´uk 2018; Rafikov 2018). The total number
of interstellar objects comparable in size to ‘Oumua-
mua has been estimated to be ∼ 1015 pc−3 (Do et al.
2018), which is much higher than some previous
estimates (Francis 2005; Moro-Mart´ın et al. 2009;
Engelhardt et al. 2017). As a result, it is worth ex-
ploring the implications of the updated number density
for the capture of interstellar objects and the prospects
for lithopanspermia, the possibility that life may have
been transferred to Earth (and other habitable planets)
by means of rocky material.1
In this paper, we shall explore some of the implica-
tions of the detection of ‘Oumuamua for the capture
of interstellar asteroid and comets by the Solar system,
and by binary stellar systems such as α-Centauri. Sub-
sequently, we will discuss the implications of our results
Corresponding author: Manasvi Lingam
manasvi.lingam@cfa.harvard.edu
1 In addition to interstellar panspermia by means of ejected
comets and asteroids, we observe that life could have been trans-
ferred via grains propelled by collisions with space dust (Berera
2017) or radiation pressure (Napier 2004).
in the context of lithopanspermia, the origin of life and
macroevolutionary processes. We will also briefly ex-
plore the ramifications in searching for extraterrestrial
life within the Solar system.
2. IS IT EASIER TO DETECT SMALLER OR
LARGER INTERSTELLAR OBJECTS?
We denote the radius of the interstellar object by R,
and the average number density of objects of radius
greater than R by n(> R).2 If we assume a power-law
distribution with an exponent α, the expression for n is:
n(> R) ∼ 2× 1015 pc−3
(
R
100m
)−α
, (1)
and we have employed the latest estimates based on the
discovery of ‘Oumuamua (Gaidos 2018; Do et al. 2018).
The spectral index α > 0 remains unknown, and it may
be necessary to employ a broken power-law to encom-
pass objects much larger than ‘Oumuamua. Although
the exact position of an object from the Earth will de-
pend on its trajectory and the specific time at which it
is detected, the mean distance d (from the Earth) can
be computed via
d ∼
(
4π
3
n
)−1/3
∼ 1AU
(
R
100m
)α/3
. (2)
There are two central avenues through which radiation
from the interstellar object can be detected. The flux
density Smax at the blackbody peak is defined as
Smax ≈
P
4πd2νmax
, (3)
2 Gravitational focusing by the Sun introduces a small correc-
tion to the mean density of interstellar objects, given their velocity
dispersion of tens of km/s at a distance of & 1 pc from the Sun.
2where P is the emitted power and νmax ∝ Ts with Ts
denoting the surface temperature of the object. The
first avenue that we consider involves detecting reflected
sunlight. In this scenario, we observe that
P ∝ L⊙
(
R
d+ d0
)2
, (4)
Ts ∝ L
1/4
⊙ (d+ d0)
−1/2
, (5)
where we have introduced the notation d0 = 1 AU and
assumed that the albedo is independent of R. Substi-
tuting the above two relations into (3), we find
Smax∝R
(12−7α)/6 for d & 1AU
Smax∝R
(6−2α)/6 for d . 1AU. (6)
Hence, for objects with R > 100 m, the condition
α > 12/7 would imply that the detection of smaller
objects is easier since they will be more numerous and
are therefore more likely to be found at closer distances.
This criterion is likely to be satisfied for interstellar ob-
jects since the typical values of α for asteroids, Kuiper
Belt Objects (KBOs) and comets range between 2 to
5 (Moro-Mart´ın et al. 2009). In contrast, if we consider
objects with R < 100 m, the cutoff value becomes α = 3.
Based on the evidence from the Solar system, the value
of α may lie either below or above this threshold, and
hence it is not possible to arrive at unambiguous con-
clusions in this regime.
Next, we can consider the case where the emitted ra-
diation is a consequence of radiogenic heating. In this
case, we obtain the relations (Lingam & Loeb 2018a):
P ∝ Rγ , Ts ∝ R
(γ−2)/4 (7)
where γ ≈ 3.3 when the mass of the object is less than
the Earth (Sotin et al. 2007). Substituting these scal-
ings into (3), we arrive at
Smax ∝ R
(9−2α)/3. (8)
Hence, for cases with α < 9/2 (which is mostly valid
in our Solar system), larger objects would be easier to
detect through this avenue even though they are fewer in
number, and typically located at much farther distances.
At this stage, it should be noted that the energy flux
from the Sun dominates over the radiogenic flux unless
the object is very far from the Sun, and is also suffi-
ciently large. Thus, it may be easier to detect smaller
objects illuminated by sunlight, whereas free-floating
planets and/or objects very far from the Sun could be
detected through their internal heating (Lingam & Loeb
2018a). Note that the difference in the two modes of
detection is that the former case exhibits a d−4 falloff
whereas the latter has a d−2 decline; the situation is
analogous to objects that possess natural or artificial
illumination respectively (Loeb & Turner 2012). The
transition between these two regimes can be approxi-
mately determined by equating their respective values
of Smax, and we obtain
R ∼ 7.6 km, d ∼ 76AU, (9)
where we have assumed an albedo of ≈ 0.1 and α ≈ 3.
We next consider whether an interstellar object can
be resolved by current telescopes. We find that
θ =
R
d
≈ 0.14mas
(
R
100m
)1−α/3
, (10)
upon using (2), implying that the object cannot be re-
solved except by reflected radar with the largest radio
telescopes. For comets within our Solar system, which
typically have α ≈ 3, the dependence of θ on R will be
very weak. We reiterate that our discussion of Smax and
θ operate under the assumption that d and R are linked
through (2), but the former depends on the location of
the object at the time of observation.
We also refer the reader to Do et al. (2018) and
Raymond et al. (2018) for further analyses concerning
the detectability of interstellar objects that incorporate
the effects of proper motion and the implications for
planet formation, respectively.
3. CAPTURE AND COLLISIONS WITH
INTERSTELLAR OBJECTS
Next, we will present simple estimates for the capture
rate of interstellar objects that can be captured by stel-
lar systems, and also estimate the number of collisions
with the Earth over its entire history.
3.1. Capture of interstellar objects by stellar systems
We consider the Solar system and the α-Centauri bi-
nary system as separate cases.
3.1.1. Solar system
In a seminal paper, Heggie (1975) presented a com-
prehensive analytical treatment for the dynamical in-
teraction of binary systems with field objects. Subse-
quently, this analysis was extended by several authors
to estimate the rate of capture of interstellar comets
(Valtonen 1983; Torbett 1986; Pineault & Duquet 1993;
Cook et al. 2016). The capture rate of comets per year
N˙ is approximately given by
N˙ ≈ n
∫ ∞
0
V σ(V )f(V ) dV, (11)
where V is the velocity of the interstellar object, f(V )
represents the speed distribution of the objects and
σ(V ) is the velocity-dependent capture cross section
3(Hasegawa 1976). The final result for a Maxwellian dis-
tribution can be expressed as follows:
N˙ ≈ 2× 104 yr−1
( ǫ
0.1
)( n
1015 pc−3
)( a
10AU
)1/2
(12)
×
(
v∞
20 km/s
)−3(
m1
M⊙
)2(
m2
M⊙
)2(
m1 +m2
M⊙
)−5/2
,
where m1 and m2 are the masses of the two binary ob-
jects, a represents their separation, and v∞ is the char-
acteristic velocity of the interstellar object (Valtonen
1983). The efficiency factor ǫ, which is typically ∼ 0.1,
has been introduced since the analytical result obtained
by using the formulation developed by Heggie (1975)
is about an order of magnitude higher than the results
from numerical simulations (Valtonen & Innanen 1982).
Many of the captured objects will be characterized by
very elliptical orbits and have a high likelihood of being
ejected subsequently as discussed later.
Upon applying (12) to the Solar system with Jupiter
and the Sun representing the binary, we arrive at
N˙⊙ ≈ 1.3× 10
−2 yr−1
(
n
1015 pc−3
)
, (13)
which is reasonably consistent with the numerical re-
sults discussed in Pineault & Duquet (1993). Another
method for estimating N˙ for the Jupiter-Sun system is
via the formula
N˙ ∼ n〈σ〉v∞, (14)
where 〈σ〉 represents the velocity-averaged capture
cross-section of Jupiter. Using the data from Table 1 of
Melosh (2003) for 〈σ〉, we obtain N˙⊙ ≈ 1.2× 10
−2 yr−1
for n ∼ 1015 pc−3 and v∞ ∼ 20 km/s; this result is in
excellent agreement with Eq. (13).3 Thus, over the his-
tory of the Solar system, a total of N ∼ 6× 107 objects
could have been captured based on Eq. (13). However,
not all of the captured objects will remain in bound
orbits. Numerical simulations suggest that comets are
ejected over mean timescales of tej ∼ 4.5 × 10
5 yrs
(Levison & Duncan 1994). Thus, only a fraction ∼ 10−4
of the interstellar objects are expected to be present in
the Solar system at any given time, bringing the number
down to ∼ 6× 103.
From Eqs. (1) and (13), we can determine the max-
imum radius of the interstellar comet or asteroid Rmax
such that at least one such object will be (temporarily or
permanently) captured during the history of the Solar
system; this amounts to the condition N˙⊙τ ∼ 1, where
τ is the age of the Solar system. Thus, we obtain
Rmax⊙ ∼ 0.1×
(
1.2× 108
)1/α
km. (15)
3 On the other hand, using the semianalytic cross-section pro-
posed in Torbett (1986) leads to an underestimated value of
N˙⊙ ≈ 1.6× 10−6 yr−1.
As an example, if we consider elliptical comets with α ≈
2.9, we find that Rmax⊙ ≈ 60 km, which is about half the
radius of Enceladus. In contrast, if we use N˙⊙tej ∼ 1
and solve for Rmax, we obtain a much smaller value of
Rmax⊙ ≈ 2.6 km.
In contrast, if we consider the capture of approxi-
mately Earth-sized objects, it has been proposed that
n (> R⊕) ∼ 10 − 100 pc
−3 is possible (Strigari et al.
2012; Barclay et al. 2017). Upon substituting this es-
timate into (13) and using the fact that the total life-
time of the Sun is t⊙ ∼ 10
10 yr, we find that N˙τ⊙ ∼
10−3 − 10−4. Hence, this would imply that the fraction
of solar-type stars that would capture an Earth-sized
object within their lifetime is ∼ 10−3 − 10−4. This re-
sult is in excellent agreement with the value of ∼ 10−4
obtained from numerical simulations, as seen from Sec.
6 and Fig. 10 of Goulinski & Ribak (2018).
We will briefly delineate some of the potential meth-
ods that may be used for discerning passing interstellar
objects from those formed within our Solar system.
• Hyperbolic orbits could be partly indicative of in-
terstellar origin, but they are not a good diag-
nostic by themselves since there are other mecha-
nisms which can give rise to this phenomenon as
well (Kro´likowska & Dybczyn´ski 2017). However,
their rapid motion across the sky (200 arcsec/hr)
could serve to distinguish them from Solar system
objects (Cook et al. 2016).
• Objects approaching the Solar system can be
characterized by their radiants and barycentric
velocities. It has been proposed that interstel-
lar objects display distinctive signatures with
regards to the latter, i.e. the magnitudes of
their inbound velocities are anomalously high
(de la Fuente Marcos et al. 2018). This method
has been used to identify eight candidates, such as
comet C/2017 K2 (de la Fuente Marcos & de la Fuente Marcos
2018), that may be of interstellar origin.
We discuss potential methods of detecting captured in-
terstellar objects within our Solar system in Sec. 5.
3.1.2. Alpha Centauri A & B
We can also carry out similar calculations using the
α-Centauri binary system. Upon using (12) with the
appropriate parameters, we find
N˙Cen ∼ 5.4× 10
3 yr−1
(
n
1015 pc−3
)
, (16)
which is approximately five orders of magnitude higher
than (13). Using the condition N˙CenτCen ∼ 1 (but ig-
noring possible ejection), where τCen is the age of the
α-Cen system, we can compute the corresponding value
of Rmax, and it yields
RmaxCen ∼ 0.1×
(
5× 1013
)1/α
km. (17)
4If we use α ≈ 2.9 as before, we find RmaxCen ∼ 0.8R⊕,
thus indicating that even Earth-sized planets could
potentially be captured. However, post-capture, the
stability of the ensuing orbits is not an easy ques-
tion to resolve although several analyses have iden-
tified regions for stable orbits (Wiegert & Holman
1997; Andrade-Ines & Michtchenko 2014; Quarles et al.
2018). The reason stems from the fact that the stabil-
ity depends on the eccentricity, inclination and nature
(S-type and P-type).
Quarles & Lissauer (2016) conducted a detailed sta-
bility analysis of different types of orbits, and studied
the fraction of test particles that survived over Gyr
timescales. From Fig. 6(a) of this work, it can be seen
that the fraction of test particles on circumstellar orbits
that survive over Gyr timescales is subject to variations
depending on whether the orbits are prograde or retro-
grade as well as their eccentricity. However, in each of
these cases, the fraction fc of remaining curves flattens
and approaches the value fc ∼ 0.3 for Gyr timescales.
Thus, upon using (16) and a timescale of 1 Gyr, we ar-
rive at a total of 1.1× 1013 objects. Of these, a total of
N0 ∼ 3.2× 10
12 objects are expected to survive on Gyr
timescales after making use of fc ∼ 0.3.
Note that N0 refers to the number of captured objects
with R & 100 m. The maximum radius RmaxCen among
these objects that survives to Gyr timescales is
RmaxCen ∼ 0.1×
(
3.2× 1012
)1/α
km, (18)
and using α ≈ 2.9 leads us to RmaxCen ∼ 0.3R⊕; this ra-
dius is approximately midway between that of the Moon
and Callisto. The difference between (17) and (18) is
that the former represents the largest temporarily cap-
tured object whereas the latter is the largest captured
object that survives over Gyr timescales. Hence, in the
α-Centauri binary system, Moon-sized interstellar ob-
jects that were captured may currently exist in certain
circumstellar orbits. From Fig. 7 of Quarles & Lissauer
(2016), it can be seen that the apastron distance for most
of the surviving test particles is less than 3 AU and 5
AU in the prograde and retrograde cases respectively.
The transit depth is estimated via δ ≈ (Rp/R⋆)
2,
where Rp and R⋆ are the radius of the object and the
star respectively. Hence, choosing Rp ∼ 0.3R⊕ and
R⋆ ≈ R⊙ leads us to conclude that the transit depth
for the largest object will be ∼ 10% of the correspond-
ing value for the Earth as it transits the Sun. The fact
that an object of mass ∼ 0.02M⊕ has not been detected
around either of the binary stars to date is along ex-
pected lines.4 This is because the current detection
thresholds can only rule out worlds in the habitable zone
4 Note that the mass has been computed using the mass-radius
relation Mp ∝ R3.3p for rocky or icy objects that are smaller than
the Earth (Sotin et al. 2007).
with masses greater than 53M⊕ and 8M⊕ for α-Centauri
A and B respectively (Zhao et al. 2018).
The capture of Earth-sized interstellar objects by
binary systems akin to α-Centauri A and B may of-
fer an alternative to conventional planet formation
through accretion since the latter scenario is expected
to be unfavourable as per some theoretical models
(The´bault et al. 2008); see, however, Xie et al. (2010).
3.2. Collisions of interstellar objects and Earth
The Sun is known to intercept comets at a rate given
by Eq (11), and σ represents the cross-sectional area
of the interaction region. Zheng & Valtonen (1999) un-
dertook numerical simulations by taking into account
a suitable speed distribution function and cross-section.
Using the parameters from Sec. 10 of Zheng & Valtonen
(1999), we obtain
N˙c ∼ 2× 10
−5 yr−1
(
n
1015 pc−3
)
, (19)
where N˙c is the rate of collisions with the Earth. If we
impose the condition N˙c τ ∼ 1, we can determine the
maximum radius of the interstellar object that could
have collided with the Earth during its history:
Rmaxc ∼ 0.1×
(
9× 104
)1/α
km, (20)
and using α ≈ 2.9 yields Rmaxc ∼ 5 km. Upon using
(1) and (19), we find that a kilometer-sized object may
strike the Earth over a typical timescale of t0 ∼ 10−100
Myr; note that t0 is dependent on α.
4. POTENTIAL BIOLOGICAL IMPLICATIONS
We shall briefly discuss some of the possible roles that
interstellar objects can play with regards to the origin
and evolution of life on habitable planets. Given that
the Solar system has a large pool of “native” asteroids
and comets, interstellar objects may be expected to play
a sub-dominant role. However, what should be noted is
that the inventory of native objects may vary widely
from one planetary system to another. For example, it
is known that the amount of material orbiting the G8V
star τ Ceti is more than that of the Sun by an order of
magnitude (Greaves et al. 2004). Thus, our discussion
in this Section is likely to be more pertinent for plane-
tary systems that have much less native material with
respect to the Solar system (Martin & Livio 2013).
4.1. Impact on macroevolutionary processes
Since the 1980s, several paleontological studies have
identified approximately periodic patterns in the fos-
sil diversity record (Hallam & Wignall 1997; Bambach
2006), with two of the most widely analyzed timescales
being 26 Myr (Raup & Sepkoski 1984) and 62 Myr
(Rohde & Muller 2005). It is evident that these two
timescales are on the same order as t0, i.e. the timescale
5for the impact of kilometer-sized interstellar objects.
We observe that this apparent coincidence of timescales
shares some similarities with previous theories regard-
ing cometary impacts (Bailer-Jones 2009), but the lat-
ter class of models either relied on the Sun’s passage
through the Milky Way (Rampino & Stothers 1984),
the perturbation of the Oort cloud by a passing star
(Hut et al. 1987), or the existence of an undetected com-
panion (Davis et al. 1984).
If we assume that a kilometer-sized object could in-
deed strike an Earth-like planet, the energy Em de-
posited during the impact is
Em =
1
2
Ma
(
v2e + v
2
∞
)
, (21)
where Ma is the object’s mass and ve =
√
2GMp/Rp is
the escape velocity of the planet. Substituting the char-
acteristic values, we find that Em falls within the range
of 105−106 Mt, which has been posited as the threshold
at which environmental damage becomes global in scale
(Toon et al. 1997). Some of the predicted outcomes in-
clude the agglomeration of dust, soot and sulfates in
the atmosphere (reducing the insolation), and the for-
mation of nitrogen oxides due to shock impact and the
consequent depletion of the ozone layer.
Hence, it is conceivable that interstellar impactors
could serve as the “pulse” in the press-pulse model
of mass extinctions (Arens & West 2008; Grant et al.
2017), with the “press” being supplied in tandem by
geological processes such as volcanism. Moreover, the
fossil diversity record (on Earth) suggests that high orig-
ination rates occur in the aftermath of high extinction
rates (Benton 1995; Alroy 2008); ecological niches va-
cated by extinct species are quickly filled by new ones.
Most notably, there is much evidence in support of the
hypothesis that the adaptive radiation of Early Ceno-
zoic mammals occurred in the wake of the K-Pg extinc-
tion that killed the dinosaurs (Luo 2007; Halliday et al.
2017); see, however, Wilson et al. (2012).
As a result, it has been suggested that compact aster-
oid belts may be one of the prerequisites for the origin
of complex life, and that such belts are likely to be un-
common (Martin & Livio 2013). For such systems (sans
compact asteroid belts) the impacts from interstellar ob-
jects may possibly serve as an alternative means of reg-
ulating macroevolutionary processes, albeit in a more
sporadic fashion.
4.2. The delivery of organic materials and life
On Earth, there is fairly unambiguous evidence sug-
gesting the existence of life at 3.8 Gyr ago (Knoll et al.
2016). It was previously thought that the Earth could
not have hosted life during the Late Heavy Bombard-
ment (LHB), but two factors suggest that this was
not necessarily the case: (i) the existence of hyper-
thermophiles (Abramov & Mojzsis 2009), and (ii) the
LHB may not have been as localized as originally pro-
posed (Bottke & Norman 2017). In addition, there ex-
ists some evidence, albeit subject to much ambiguity
(Pearce et al. 2018), indicating the existence of life on
Earth as early as ∼ 4.1-4.3 Gyr ago (Bell et al. 2015;
Dodd et al. 2017). Thus, we will assume a timescale
of tA & 200 Myr for the origin of life (abiogenesis) on
Earth, but this choice is merely a fiducial value. The
frequency of impacts with the Earth as a function of the
impactor size is determined from (1) and (19). We find
that ∼ 400 interstellar objects of radius ∼ 0.1 km could
have struck the Earth prior to abiogenesis, while the cor-
responding number of km-sized objects is ∼ 10. Hence,
life could have been transferred to the Earth by means of
lithopanspermia (Burchell 2004; Wickramasinghe 2010).
Several studies have investigated the feasibility of in-
terstellar panspermia (Melosh 2003; Adams & Spergel
2005), and recent numerical simulations appear to sug-
gest that lithopanspermia between members of the Solar
birth cluster was feasible (Belbruno et al. 2012). As-
sessing the biological survival of alien microorganisms
within interstellar rocks is not possible since we do
not know their biological survival limits nor the travel
time. However, as seen from Tables VIIIa and VIIIb
of Mileikowsky et al. (2000), interplanetary panspermia
between Mars and Earth could deliver as many as∼ 1012
microbes in meter-sized objects (with suitable shield-
ing) for transit times of . 1 Myr. Hence, it seems
plausible that much larger objects, such as the ones
discussed above, could transfer alive microorganisms;
in fact, Wallis & Wickramasinghe (2004) proposed that
even a few kilograms of microbe-bearing fragments may
suffice to seed the target planetary systems with life.
Comets and meteorites played an important role in
our Solar system by transporting organic molecules to
Earth (Ehrenfreund & Charnley 2000; Thomas et al.
2006); the delivery of these biomolecules (pseudo-
panspermia) imposes less stringent requirements than
panspermia (Lingam & Loeb 2017). We can estimate
the mass of amino acids delivered per year M˙A via in-
terstellar objects of ∼ 100 m by using (19) and the fact
that amino acids may comprise ∼ 1% of the total mass
(Chyba et al. 1990); thus, we arrive at
M˙A ∼ 2× 10
2 kg/yr, (22)
and this value is smaller than the solar-bound cometary
impact delivery rate of ∼ 103 − 106 kg/yr for Earth,
although it is comparable to the delivery rate for mete-
orites (Chyba & Sagan 1992).
The mass of amino acids delivered over the timescale
required for abiogenesis (tA ∼ 200 Myr) is estimated as
MA ∼ M˙AtA, which yieldsMA ∼ 4×10
8 kg after making
use of (22). The number of potentially life-bearing ob-
jects transported by means of lithopanspermia between
nearest neighbors in a star cluster is ∼ 3× 108 ℓ, assum-
ing that ℓ km of the crust is ejected during the bom-
6bardment of the host planetary surface (Belbruno et al.
2012). Using the fact that the mass of each object was
> 10 kg and assuming that amino acids comprise 1% of
the mass (as before), we end up with ML > 3 × 10
7 ℓ
kg, where ML is the total mass of amino acids trans-
ferred via lithopanspermia. It can be seen that MA and
ML are roughly comparable to each other, implying that
lithopanspermia in the birth cluster is an important fac-
tor that should be taken into consideration.
Here, it must be noted that the calculation ofMA and
ML for our planet implicitly assumed that the origin
of life occurred during the Hadean era; in general, the
mechanism of lithopanspermia between members of the
birth cluster is typically possible only when tA < 500
Myr is valid (Belbruno et al. 2012). In this context,
an important point should be recognized concerning our
prior analysis. The capture rates estimated previously
should probably be viewed as lower bounds for earlier
epochs where planetary systems co-existed in their com-
mon birth cluster. This is because the higher density of
objects exchanged between nearest neighbors can result
in an enhanced capture rate as seen from (12).
We note that interstellar objects can traverse through
spatial regions in close proximity to O/B-type stars
and receive high (but transient) doses of UV radi-
ation leading to the rapid formation of biologically
relevant molecules (Throop 2011). Interstellar ob-
jects might also transport biomolecules not readily
available via exogenous delivery within our solar sys-
tem. For example, meteorites on Earth apparently lack
the nucleobases cytosine and thymine, thus making
the RNA/DNA world problematic from this particu-
lar standpoint (Pearce & Pudritz 2016). In addition
to delivering intact organics, the synthesis of prebi-
otic compounds could also be facilitated due to the
energy released from the impacts (Deamer & Weber
2010). Many organic molecules - including amino acids,
peptides and nucleobases - have been synthesized via
this process (Thomas et al. 2006; Martins et al. 2013;
Furukawa et al. 2015).
Prebiotic synthesis of biomolecules due to interstellar
objects (either via exogenous delivery or shock impacts)
is expected to be lower than the corresponding values
for native asteroids and comets by a few orders of mag-
nitude. Nevertheless, we anticipate that this pathway
can become important for planetary systems that lack
sufficient cometary material.
4.3. Seeding life through capture
Hitherto, we have restricted ourselves to discussing
panspermia (or pseudo-panspermia) wherein the inter-
stellar object directly impacts the Earth, or a habitable
planet. However, there is another channel by which in-
terstellar objects can serve as a means of spreading life.
We had concluded previously that it is possible to cap-
ture objects of up to ∼ 60 km within our Solar system.
On the other hand, in the α-Cen system (and binaries in
general), the maximum size of the captured object over
the system’s history was predicted to be nearly equal to
the Earth. Hence, in such circumstances, it is possible
that the captured “planet” may have already developed
life and could thus spread it to other planets by means
of interplanetary panspermia. Thus, the interstellar ob-
ject does not directly impact another planet, but rather
serves as the “carrier” and life is transported due to col-
lisions with impactors and spewing out ejecta.
The minimum radius of the impactor Ri required for
producing ejecta that escape into space is estimated
from the following formulae (Mileikowsky et al. 2000;
Artemieva & Ivanov 2004):
Re ≈
3Ps
8gρc
(
∆v + ve
∆v − ve
)
, (23)
Re
Ri
≈ 2× 10−3
(
vi
10 km/s
)−2(
∆v
vi
)−2/3
, (24)
where Re is the radius of the ejecta, Ps and g are the
atmospheric pressure and surface gravity of the planet,
ρc denotes the density of the crust, while ∆v and vi de-
note the post-impact and impact velocities respectively.
If we hold all parameters fixed except for p and g, it
is seen that Ri ∝ Ps/g. As per our previous discus-
sion, the captured object is likely to be smaller than
the Earth even for binary stellar systems like α-Cen.
From our Solar system, it is evident that most moons
and planets smaller than the Earth possess much lower
surface pressures. Hence, for such worlds, we are led to
conclude that a smaller impactor would typically suf-
fice to produce ejecta, and consequently enable inter-
stellar lithopanspermia. A similar line of reasoning was
invoked by Houtkooper (2011) to posit that Ceres may
have seeded the terrestrial planets of our Solar system
via this process (termed “glaciopanspermia”).
We also note that the captured planet- or moon-sized
interstellar object could also develop life from a previ-
ously frozen and uninhabited state. In particular, this
could happen if the new orbit falls within the habitable
zone such that the ice envelope melts to yield a liquid
ocean and an atmosphere. Of course, this route presup-
poses the existence of sufficient volatiles and bioessential
elements (Lingam & Loeb 2018b,c).
5. THE “INTERSTELLAR FISHING NET” OF THE
SOLAR SYSTEM
One of the chief implications arising from Sec. 3 is
that there may be ∼ 6×103 interstellar objects currently
surviving in the Solar system. Hence, searching for these
objects presents a more viable alternative to sending
out interstellar probes in order to study the debris from
exoplanetary systems. The situation can be likened to
that of a fishing net for catching fishes, with interstellar
asteroids or comets representing the “fishes” and the
Jupiter-Sun binary system serving as the “fishing net”
that captures these objects.
7The notion that one can look for interstellar objects
within our Solar system has also been explored widely
in the context of the Search for Extraterrestrial Intelli-
gence (SETI), except that the “objects” are extraterres-
trial artifacts (Freitas 1983; Haqq-Misra & Kopparapu
2012; Davies 2012; Wright 2018) that are either de-
funct or operational. We note that these artifacts
could have either arrived by chance or sent deliberately,
perhaps as a means of energy-efficient communication
(Rose & Wright 2004; Arnold 2013).
An immediate issue that arises is the necessity for a
means of distinguishing between captured objects from
interstellar space and those within our Solar system
(Gaidos 2018). It is well-known that the oxygen isotope
ratios (17O/16O and 18O/16O) for carbonaceous chon-
drites in our Solar system yield a slope of ∼ 1 in the
oxygen three-isotope plot, although some deviations do
exist (Clayton 1993, 2003; Yurimoto et al. 2008). Hence,
if the oxygen isotope ratios are markedly different from
the values commonly observed in the Solar system, it
may suggest that the object is interstellar in nature;
more specifically, the ratio of 17O/18O is distinctly lower
for the Solar system compared to the Galactic value
(Nittler & Gaidos 2012), and hence a higher value of
this ratio may be suggestive of interstellar origin. Apart
from utilizing oxygen isotopes as diagnostic tools, other
isotope ratios like 12C/13C and 14N/15N (Krot et al.
2009; Mumma & Charnley 2011) might help further dis-
tinguish between the two classes of objects.5
In principle, it should be possible to analyze some of
these isotopes by means of high-resolution spectroscopy
in the optical, infrared and submillimeter ranges of wa-
ter vapor in cometary tails (Jehin et al. 2009). For
instance, the HIFI instrument on the Herschel Space
Observatory was used to measure the 18O/16O iso-
tope ratio of the comet C/2009 P1 in the Oort cloud
(Bockele´e-Morvan et al. 2012). Sending a probe to flyby
the interstellar object or land on it and retrieve samples
will be more challenging (Seligman & Laughlin 2018),
but the scientific advantages are expected to be com-
mensurate (Hein et al. 2017).6 One of the chief auxiliary
advantages of the recent Breakthrough Starshot project,
which relies on the development of light-sail propulsion,
may therefore stem from its ability to undertake rapid
(on the order of hours to days) flyby missions of inter-
stellar objects within our Solar system.7
In the case of captured interstellar objects, we observe
that the additional methods described below may serve
5 For example, if the object had originated in, or passed
through, the vicinity of Young Stellar Objects (YSOs), the
12C/13C isotope ratio could be higher than the value in the inter-
stellar medium (Smith et al. 2015).
6 In our Solar system, missions such as Stardust, Rosetta and
EPOXI have yielded a great deal of data through flybys, landings
or sample returns.
7 https://breakthroughinitiatives.org/initiative/3
as a means of distinguishing them from the ones formed
in our Solar system.
• The distribution of semi-major axes for captured
objects (denoted by ac) was computed through
a semi-analytic procedure in Fig. 5 of Torbett
(1986). A significant fraction of captured objects
were found to have ac . 10 AU. The rest of the ob-
jects are expected to be characterized by ac & 100
AU (Namouni & Morais 2018).
• Although not a diagnostic by itself, numerical sim-
ulations suggest that most captured interstellar
objects should be characterized by relatively high
inclinations (ic) and eccentricities (ec). From Fig.
2 of Namouni & Morais (2018), it can be seen
that the captured objects with ac . 10 AU have
ic ∼ 145
◦-170◦ and ec ∼ 0.2-0.35, whereas the
objects at ac & 100 AU have ic ∼ 45
◦-135◦ and
ec ∼ 0.5-0.9. The asteroid (514107) 2015 BZ509
has parameters consistent with this range of val-
ues (Wiegert et al. 2017), but it remains unclear
as to whether it may be of interstellar origin.
• Apart from the isotope ratios discussed ear-
lier, anomalously low CN-to-OH ratios and
abundances of C2 and C3 have also been hy-
pothesized as markers for interstellar objects
(Langland-Shula & Smith 2007; Schleicher 2008).
6. CONCLUSION
We have found that it would be easier to detect smaller
interstellar objects at closer distances by means of re-
flected sunlight, while larger objects at greater distances
are more detectable through their thermal radiation due
to radiogenic heating.
The calibrated number density of interstellar objects,
based on the detection of ‘Oumuamua, allowed us to
estimate the capture rate of such bodies by means of
three-body interactions for both our Solar system and
stellar binaries such as the nearby α-Centauri. We have
found that a few thousand captured interstellar objects
might be found within the Solar system at any time.
The largest of these would be an object with radius tens
of km. For the α-Centauri A&B system, we have found
that even Earth-sized objects could have been captured
through this process and that Moon-sized objects may
currently exist in circumstellar orbits. Our results de-
pend to the power-law index for the size distribution of
interstellar objects, which is currently unknown.
Our findings have potentially important implications
for the origin and evolution of life on Earth. If a km-
sized interstellar object were to strike the Earth, we sug-
gested that it would result in pronounced local changes,
although the global effects may be transient. Habitable
planets could have been seeded by means of pansper-
mia through two different channels: (i) direct impact of
interstellar objects, and (ii) temporary capture of the
8interstellar object followed by interplanetary pansper-
mia. There are multiple uncertainties involved in all
panspermia models, as the probability of alien microbes
surviving ejection, transit and reentry remains poorly
constrained despite recent advancements.
The Solar system acts as a fishing net, enabling us
to search for traces of extraterrestrial life locally (due
to the presence of captured interstellar objects) as op-
posed to sending interstellar probes. The same approach
is also applicable to the search for extraterrestrial ar-
tifacts within our Solar system. Possible methods of
distinguishing between extrasolar and solar objects in-
clude the analysis of their orbital trajectories and oxygen
isotope ratios, the latter of which can be ostensibly in-
ferred from high-resolution spectroscopy of water vapor
in cometary tails. A few months after the submission of
our paper, an interstellar origin was suggested for the
asteroid (514107) 2015 BZ509 based on its documented
retrograde motion in Jupiter’s co-orbital region. This
report (Namouni & Morais 2018) highlights the timeli-
ness and importance of our study.
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